Recent translational research suggests a role of the renin-angiotensin (RA) system in threat extinction and underlying neuroplasticity; however, whether and how pharmacological modulation of the RA system influences physiological and neural manifestations of threat during extinction learning in humans is unclear. Here we report that pre-extinction administration of losartan, an angiotensin II type 1 receptor antagonist, accelerated attenuation of physiological threat expression. During early extinction, losartan enhanced threat-signal specific ventromedial prefrontal cortex (vmPFC) activation and its coupling with the basolateral amygdala. Multivoxel pattern analysis revealed that losartan reduced whole brain, particularly vmPFC, threat expression and voxel-wise mediation analyses further confirmed that losartanaccelerated extinction crucially involved vmPFC processing. Overall the results provide initial evidence for a critical role of the RA system in extinction learning in humans and suggest that adjunct losartan administration may facilitate the efficacy of extinction-based therapies.
Introduction
Extinction learning refers to the attenuation of a previously learned defensive response when the threat predictive stimulus is repeatedly encountered in the absence of adverse consequences. Exposure-based interventions (partly) rely on extinction learning to reduce excessive fear responses in patients and are considered an efficient therapy for anxiety disorders 1 . However, extinction learning deficits are considered a core pathological mechanism across anxiety disorders and considerably impede the efficacy of exposure-based interventions 2 . The neural mechanisms of extinction are evolutionary extremely well-conserved and the translational identification of receptor targets to facilitate neural plasticity in pathways underlying extinction learning may thus help to augment the efficacy of exposure-based interventions 2,3 .
Animal models and human neuroimaging research have demonstrated a crucial role of the infra-limbic cortex (IL) (homologous to the human ventromedial prefrontal cortex, vmPFC) and its interactions with the amygdala in extinction learning [4] [5] [6] [7] [8] [9] [10] . The vmPFC is critically engaged in the reduction of threat expression during extinction 2,7,11 and governs the amygdala inhibition of conditioned threat response 6, 8 . Translational disorder models suggest that dysfunctions in amygdala-prefrontal plasticity (at least partly) contribute to the extinction-failure in anxiety disorders 12 . Converging evidence come from clinical research suggesting that anxiety disorders are characterized by deficient extinction, hypoactivation within the vmPFC and attenuated vmPFCamygdala functional connectivity 5,6,10,11,13 .
Initial preclinical research has identified the glutamatergic N-methyl-D-aspartate (NMDA) as a highly promising candidate system 14 to facilitate extinction. For instance, the NMDA receptor partial agonist D-cycloserine (DCS) has been repeatedly demonstrated to improve extinction learning in rodents 14 , probably via augmenting prefrontal engagement 15 . However, translation into clinical utility has been limited by rapid attenuation of DCS-enhanced extinction with repeated administration 16 , and clinical trials reporting small 17 -or even detrimental 18 -effects when DCS was administered in combination with exposure therapy.
Recent evidence suggests that the renin-angiotensin (RA) system, primarily known for its role as a cardiovascular regulator, may represent a promising alternative target to facilitate extinction 3 . Angiotensin receptors are densely expressed and modulate neuroplasticity in limbic (i.e. amygdala) and prefrontal regions critically engaged in extinction [19] [20] [21] [22] . Initial studies in rodents have successfully demonstrated the potential of pharmacological modulation of RA signaling to enhance and accelerate extinction using the selective competitive angiotensin II type 1 antagonist losartan (LT) 23, 24 . Notably -in contrast to DCS -LT-induced enhancement was fully maintained with repeated administration 23 . Lorsatan is routinely prescribed to treat high blood pressure 25 and initial clinical observations suggest beneficial effects on memory formation and anxiety-symptomatology 3, 25 . Taken together, accumulating evidence suggests that the RA system may represent a promising target to enhance extinction learning and the excellent safety record of LT could facilitate rapid translation into clinical application.
Against this background the present pre-registered randomized placebocontrolled pharmacological between-subject functional magnetic resonance imaging (fMRI) experiment (ClinicalTrials.gov, Identifier: NCT03396523) aimed at determining the potential of LT (50mg, single dose p.o. administration) to facilitate extinction learning in humans and the underlying neural mechanisms. Based on previous translational research we hypothesized that LT would (1) accelerate attenuation of the physiological threat responses, and that enhanced extinction would be neurally mediated by (2) increased activation in the vmPFC and attenuation of its threat expression in the context of (3) stronger functional interaction of the vmPFC with the amygdala.
To test our hypotheses 70 healthy males underwent a validated Pavlovian threat acquisition and extinction procedure with simultaneous fMRI and skin conductance response (SCR) acquisition. During the threat acquisition stage, participants were repeatedly presented with two different colored squares serving as CSs (conditioned stimulus). One of the CSs (CS + ) was pseudo-randomly paired with a mild electric shock (US) to the right wrist, whereas the other CS (CS -) was never paired with a US.
After a 20-min break, participants were administered either a single oral dose of LT or placebo (PLC).
After stable peak plasma concentrations of LT had been reached (90-min later), participants underwent the extinction procedure during which the CSs were presented in the absence of the US (experimental protocols see Supplementary Figure 1 ). To enhance threat memory acquisition as well as to increase the statistical power to determine treatment effects, both learning phases included two subsequent runs of the task (for a similar approach see ref. 26 ).
In line with our hypotheses, administration of LT enhanced extinction as reflected by accelerated attenuation of physiological threat responses during early extinction learning. On the neural level the acceleration was underpinned by enhanced threatsignal specific vmPFC activity, diminished vmPFC threat expression and stronger vmPFC-amygdala coupling. A voxel-wise mediation analysis further demonstrated that treatment effects on accelerated extinction were critically mediated by vmPFC activation. Overall the results provide the first evidence for a critical role of the RA system in extinction learning in humans and suggest that adjunct LT-administration may represent an innovative strategy to augment the efficacy of exposure therapies.
Results

Participants and Potential Confounders
After initial quality assessment of the data the primary hypotheses were evaluated in n = 30 LT-and n = 29 PLC-treated subjects (exclusion according to recommendations from ref. 27 , details provided in Methods). Treatment groups did not differ in pre-and post-treatment self-reported affective state or cardiovascular activity and were unaware of whether they had received LT or PLC (Table 1) . During the pre-treatment acquisition phase, both groups exhibited CS discrimination with enhanced SCR to the CS + relative to the CS - (Figure 1a) Figure 2) . Importantly, two-sample t-tests did not reveal between-group activation differences during this stage arguing against confounding effects of pre-treatment differences in threat acquisition.
Losartan Treatment Reduces Physiological Threat Responses during Early Extinction Learning
A mixed-design analysis of variance (mixed ANOVA) model using physiological 
Losartan Treament Reduces Neural Threat Pattern Expression to the
Conditioned Stimulus during Early Extinction Learning
To test whether LT-treatment reduces threat expression during early extinction, a whole-brain multivariate threat-predictive pattern was decoded 32 (Supplementary Figure   5C ). Together these results indicate an indirect pathway, with the vmPFC mediating the effects of LT on extinction acceleration.
Losartan Treatment Enhanced vmPFC-Amygdala Coupling
Based on the critical contribution of vmPFC-amygdala circuitry to extinction learning 8-10 we hypothesized that LT-induced extinction enhancement would be accompanied by stronger functional interaction between these regions. To test our hypothesis extinction-related (CS + > CS -) vmPFC-amygdala functional coupling was examined using a context-dependent physiological interaction analyses (gPPI) 36 . This In humans, successful extinction is accompanied by decreased physiological threat reactivity and concomitantly increased vmPFC activation in response to the threat signal 30, 31, 38 . In the present study LT-treatment reduced the physiological threat responses and selectively enhanced vmPFC activation in response to the threat signal Angiotensin receptors are densely expressed and considered to modulate learningrelated neuroplasticity in limbic and prefrontal regions critically engaged in extinction [19] [20] [21] [22] . LT is a selective competitive antagonist of the angiotensin II type 1 receptor but also increases availability of angiotensin II-converted angiotensin IV-an agonist at the AT4 receptor subtype. The AT4 system is thought to play a role in neuroplasticity and learning and memory 20, 21, 45, 46 , a mechanism which may (partly)
contribute to LT-induced extinction enhancement.
In line with previous animal models demonstrating the potential of LT to enhance extinction in rodents 23, 24 , the present study successfully demonstrated the potential of 
Experimental Design
The present study employed a randomized, placebo-controlled, double-blind, between-subject pharmaco-fMRI design. The experiment consisted of three sequential routinely prescribed for the management of hypertension 48 and penetrates the bloodbrain barrier 49 . In line with the pharmacodynamic profile of LTexamining the cognitive enhancing properties of LT in healthy subjects 46 the experimental paradigm (extinction) started 90 minutes after administration.
To control for potential effects of LT on cardiovascular activity blood pressure and heart rate were assessed before drug administration, as well as before and after the extinction paradigm. To further control for unspecific emotional effects of LT, participants completed the Spielberger State-Trait Anxiety Inventory (STAI) and the Positive and Negative Affective Scale (PANAS) before drug administration and after the extinction paradigm 51, 52 ( Supplementary Figure 1) .
Functional MRI Acqusition and Extinction Paradigms
During acquisition participants underwent an adapted version of a validated Pavlovian discrimination threat-conditioning procedure with partial reinforcement 26 . Briefly, one colored square (CS + , 4s) coincided with a mild electric shock (US, 2ms) to the right wrist with 43% contingency, whereas the other differentially colored square (CS -, 4s) was never paired with the US. Acquisition included two runs and each run contained eight non-reinforced presentations of the CS + and the CS -, intermixed with an additional six presentations of the CS + paired with the shock (CS + U). In line with
Schiller, et al. 53 first trial during acquisition was a reinforced one and we included one occurrence of consecutive reinforced CS + U trials. Stimuli were presented in a pseudorandom order with a 9-12s interstimulus interval (ISI) (fixation-cross) that served as low level baseline. Before the experiment participants were instructed to pay attention to the stimuli and find out the relationship between the stimuli and the 
Unconditioned Stimulus and Physiologic Threat Response
The US consisted of mild electrical shocks of 2ms duration that were individually adapted to be "highly uncomfortable, but not painful". During both the threat conditioning and extinction procedure, the SCRs were assessed from carbon snap electrodes attached to the first and second fingers of the left hand between the first and second phalanges were sampled simultaneously with functional MRI scans.
Detailed information on the setup is provided in Supplementary Methods.
Skin Conductance Response Analysis
The level of skin conductance response was assessed for each trial as the maximum SCR signal during a time window beginning 1s and ending 5s after stimulus onset minus the mean conductance in the 2s immediately before the onset of the stimulus and was further normalized per participant by dividing all responses to their US response. The physiological threat responses were then defined as baseline-corrected CS + by subtracting the mean responses to the CS -stimuli (see Supplementary
Methods for more details). To initially test whether the threat responses were equally acquired to the conditioned threat between LT and PLC groups, we performed twosample t-tests on the mean physiological threat responses during acquisition. Note that we only included the non-reinforced trials, meaning that the CS + U trials followed by shocks were excluded from SCR analyses. To initially examine whether LT had unspecific effects on the SCR signal two-sample t-tests on the mean SCR for CS -trials during extinction were conducted. To test whether LT had an effect on extinction learning, a 2 × 2 × 2 mixed-design analysis of variance (mixed ANOVA) model with the within-subject factors "phase" (early, late) and "run" (run 1, run 2), the between-subject variable "treatment" (LT, PLC) and the mean differential SCR during extinction as dependent variable was performed. All statistical analyses were performed in SPSS 22.0 (SPSS Inc) with Greenhouse-Geisser correction for nonsphericity if indicated. Significant main or interaction effects were further disentangled using appropriate post hoc t-tests focused on differences between the treatment groups (Bonferroni corrected). Tests employed two-tailed P-values, with P < 0.05 considered significant.
MRI Data Acquisition and Analysis
All MRI data were acquired using a Siemens TRIO 3-Tesla system with a 12-channel head coil. The functional MRI data was preprocessed and analyzed using SPM12 head motion parameters one time point before, and their squares (Friston 24-parameter model 54 ), and indicator vectors for spikes in head movements identified based on frame-wise displacement (FD) > 0.5mm 55 . Single-subject contrast images were obtained and then modeled at the second-level random effects analysis. For the acquisition phase the following contrasts were examined: (1) overall non-reinforced CS + versus CS -condition, to examine the threat acquisition networks across all participants, and (2) group differences on the contrasts of non-reinforced CS + versus CS -condition to control for pre-treatment group differences during threat acquisition.
Effects of LT on Extinction-related Brain Activity -Whole Brain Analyses
Specific effects of LT on extinction learning were next assessed using a whole-brain 3-way mixed ANOVA model with "phase" (early, late) and "run" (run 1, run 2) as within-subject factors and "treatment" (LT, PLC) entered as a between-subject factor with the corresponding CS + versus CS -contrasts. To further disentangle significant interaction effects, we employed two different post hoc approaches to warrant both, high robustness and regional specificity.
(1) A leave-one-subject-out (LOSO) crossvalidation (CV) procedure 29 was used to examine the robustness of the LT effect.
Briefly, for every participant the same group-level analyses were performed excluding the participant's data and the resultant clusters showing the significant interaction effect were used to obtain subject-specific masks, thus the remaining subjects served as an independent localizer for the subject left out. Next, individual mean beta values were extracted from corresponding contrasts within the subject-specific mask for each participant separately and appropriate t-tests were performed. This procedure ensured that the data used to define the subject-specific masks were independent from the data used for the group comparison. (2) To further validate our results and to examine the regional specificity of the treatment effect, additional whole-brain voxel-wise post hoc t-tests were employed.
Imaging group level analyses were performed using the Randomise Tool 56 implemented in FSL (FMRIB Software Library, http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/)..
To correct for multiple comparisons (including the LOSO CV procedure)
permutation-based inferences (10,000 permutations) were employed to obtain clusters satisfying P < 0.05, family-wise error (FWE)-corrected at a cluster-forming threshold of P < 0.001, two-tailed.
Effects of LT on Extinction-related Brain Activity-Independent Analyses Exploring Contributions of the vmPFC
Due to the critical role of the vmPFC in extinction learning 6,7,30,32,38 in humans and based-on our a priori regional hypothesis we explored (1) LT effects on stimulusspecific neural signal changes in the vmPFC in early extinction, and (2) the temporal patterns of LT effects during extinction using a single-trial analysis. To this end a vmPFC region of interest (ROI) was constructed independent of the neural activity patterns in the present study by centering a 9mm-radius sphere around the centroid coordinates of an anatomical defined vmPFC mask to increase regional-specificity (MNIxyz = [0, 34, -15]) (mask displayed in Figure 6c ). The anatomical vmPFC was created by combining the subcallosal cortex, frontal medial cortex, anterior cingulate cortex and paracingulate gyrus from the Harvard-Oxford Atlas (thresholded at 25% probability) and only contained regions inferior to the genu of the corpus callosum
Exploration of Stimulus-specific Effects of LT on vmPFC Activity in Early Extinction
To specifically explore LT-treatment effect on vmPFC activity during early extinction, we conducted a 2 × 2 × 2 mixed ANOVA with the within-subject factors "stimulus" (CS + , CS -) and "run" (run 1, run 2), the between-subject variable "treatment" (LT, PLC) and the mean beta weights in the vmPFC ROI during early phase of extinction as dependent variable. Significant interaction effects were further disentangled using appropriate post hoc t-tests (Bonferroni corrected).
Exploratory Single Trial Analysis
Based on our hypothesis that LT would accelerate extinction leaning trial-wise Figure 3a) .
Next we used the pattern expression, generated by taking the dot-product of the unthresholded classifier weights with participant-specific brain activity maps, to evaluate effects of LT-treatment on the neural threat expression during the early extinction phase. To avoid circularity, the weight map from the cross-validation fold that held out the participant to be tested was used to assess threat pattern expression in that subject. That is, the pattern expression estimates for each individual were obtained from patterns trained on other participants' data 32 . For a given data image this procedure yields a single weighted average amount where the pattern defines the weights and it is known as "pattern expression" 59 . In line with a previous study 32 the pattern expression was designed to differentiate CS + versus CS -and was thus considered as an index of the neural threat response . Effects of treatment were examined by comparing the magnitude of the neural threat-predictive pattern expression (CS + -CS -) between the treatment groups using a two-sample t-test.
Voxel-wise Mediation Analysis
To test whether LT-enhanced extinction could be explained by the concomitantly observed increased vmPFC activity phase a voxel-wise mediation analysis was performed using Mediation Toolbox 
Network-level Effects of LT: Functional Connectivity Analysis
To further address LT effects on the interplay of extinction-related regions, we conducted a generalized form of context-dependent psychophysiological interaction analyses (gPPI) 36 . Given that both human and animal studies strongly implicate vmPFC-mediated inhibition of the amygdala as the key of the extinction of conditioned threat 7-10 , the analysis focused on the vmPFC-amygdala circuits and based on the phase-specific effects of LT on early extinction-related brain activity (see Results part), between group connectivity differences in this phase were examined. Similar to previous studies (see e.g., ref. 62 ), we used a group-constrained subject-specific approach to define individual volume of interest (VOI) seed regions (three-voxel-radius, i.e., 9mm-radius, sphere centered at local maximum CS + > CS -activity in the early extinction within the significant vmPFC cluster showing LT effects). Four PLC participants didn't show greater activation for CS + stimulus relative to CS -stimulus in any voxel within the cluster and so the VOIs were centered at the group-level maximum.
A two-sample t-test was then conducted using FSL's Randomise Tool to examine LT-effects on vmPFC functional connectivity for the CS + versus CS -during early extinction. Based on our a priori hypothesis the voxel-wise FDR correction was adapted to the structurally-defined bilateral amygdala (Harvard-Oxford Subcortical Structural Atlas, thresholded at 25% probability).
Data availability
Unthresholded group-level statistical maps are available on NeuroVault (https://neurovault.org/collections/4722/) and code that supports the findings of this study is available from the corresponding author upon reasonable request. vmPFC, ventromedial prefrontal cortex; BLA, basolateral amygdala.
